Abstract Juvenile Coho Salmon undergo many physiological changes during their springtime transformation from a freshwater parr to a migratory, seawater-capable smolt. Although field observations indicate smolts moving towards the surface and across the breadth of their streams to either swim or drift downstream with the current, water-velocity preferences of these developing cohos are unknown. Using video analysis of their swimming patterns in a calibrated, laboratory flow table with a velocity gradient, groups of three cohos generally increased their preferred water velocity through the springtime study period, to a late-May peak (daytime data, change-point regression analysis, p<0.05) and over the entire period (nighttime data, regression analysis, p<0.05). Moving to swifter currents should facilitate the downstream movements of these young cohos, as they develop through the parr-smolt transformation period. This information should assist managers of regulated watersheds and salmon hatcheries in optimizing juvenile salmon survival (e.g., with timely, late-spring water releases producing 0.1-0.3 m s −1 downstream water velocities).
Introduction
Juvenile Coho Salmon (Oncorhynchus kisutch) undergo many physiological changes during their transformation from a freshwater parr to a migratory, seawater-capable smolt (Loretz et al. 1982; Hoar 1988; Clarke and Hirano 1995) . Environmental cues stimulating these physiological changes include photoperiod, temperature, and lunar cycle (Grau et al. 1981 (Grau et al. , 1982 . Coho migrate downstream from mid-March to a peak in mid-May, and through early summer at subAlaskan latitudes (reviewed by Sandercock 1991) . Field observations from Canada indicate that during the migratory season, coho apparently move towards the surface and across the breadth of their streams, especially during nighttime hours, and either swim or drift downstream with the current (McDonald 1960; Meehan and Siniff 1962) . However, no one has quantitatively tested a hypothesis, concerning preferred water velocities of juvenile Coho Salmon during the parr-smolt transformation, under controlled, laboratory conditions.
Recent laboratory-based studies of juvenile Coho Salmon swimming and axial-muscle contractile performance indicate an increased reliance upon passive, rather than active, mechanisms during downstream migration (Katzman and Cech 2001) . Such passive mechanisms would be enhanced by these juveniles' positioning themselves in swifter sections of their natal streams. These seem to fit with the earlier observations of Atlantic Salmon (Salmo salar) smolts' increased swimbladder gas volumes (reviewed by Wedemeyer et al. 1980 ) and the decreased, sustained swimming performance in Atlantic Salmon (Thorpe and Morgan 1978) and Coho Salmon smolts (Flagg and Smith 1982) , compared with their respective parr life stages. Our objective was to measure the preferred water velocities of juvenile cohos from northern California in a calibrated, laboratory flow table, between April 2 and June 20, 2001. Based on previous field studies (reviewed by Sandercock 1991), we hypothesized that these fish would select faster water velocities as the parr-smolt transformation proceeded during the spring, with a peak in mid-May.
Methods

Experimental fish
Coho Salmon parr (n=30) were collected from 6°C water at the Iron Gate Hatchery on the Klamath River, California, and transported, in oxygenated, plastic containers, to the Center for Aquatic Biology and Aquaculture (CABA) at the University of California, Davis. They were held, outdoors in 1.2-m diameter, 400-l fiberglass tanks and slowly acclimated (≤1°C·d 
Experiments
Three juvenile Coho Salmon were used in each of ten experiments. This fish density approximated that of wild cohos in some streams (Glova 1987) . Three segments (early April, late May-early June, and midlate June) were selected for ten experimental days during the expected parr-smolt transformation period. Between 12:00 and 13:00 hours on each experimental day, three fish were quickly (<30 s) netted from their holding tank and transported, via polyethylene bucket, to the flow table. Fish-position data were recorded, every 10 min, over a 21-23-h period, during daylight hours for all experiments, and during nighttime hours for five, randomly chosen experiments. However, fish-position data for the first hour in the flow table were excluded from the analysis to minimize any stress-related effects of the quick netting and transport to the flow table. Davis and Schreck (1997) found that the oxygen consumption rates of juvenile Coho Salmon returned to pre-stress levels 1 h after the imposition of an acute handling stressor. In the night experiments, the dim, supplemental lighting was left on, allowing videography. The five, nighttime experiments were considered to be a maximum, so as not to re-set the cohos' biological clocks (see review by Johnsonn and Engelmann 2008) and influence their migratory behavior (see review by Wedemeyer et al. 1980) . Videotape data were analyzed by visually locating each of the three fish at the 10-min intervals and calculating their mean velocity preferences for the daytime (all ten experiments) and nighttime (five experiments) hours. Velocity preferences were determined by matching their grid-point locations (i.e., from the grid intersection closest to the fish's head) and body-axis orientations with velocities from the calibration velocity map. Some of the velocities were "negative," indicating fish selection of the eddy (retrograde flow) area in the slow-velocity portion of the flow table. Change-point (i.e., piece-wise, Brenden and Bence 2008, daytime data) and least-squares (nighttime data) regressions (SigmaPlot v.11.0, Systat Software Inc., Richmond, California, USA) were used to examine the Coho Salmon's selected, velocity patterns through the April-June period.
Results
The juvenile Coho Salmon increased in size (from 27.4 g mean wet mass and 143 mm mean TL, to 56.9 g and 179 mm TL) over the study period and gradually appeared more "smolt-like" (loss of parr marks with increased silvering of flanks), as the study progressed. (change-point regression, p<0.05, Fig. 2 ), supporting our hypothesis. Also, their water velocity preference during nighttime increased, from −0.079 m s −1 to 0.120 m s −1 (least squares regression, p<0.05, Fig. 2 
Discussion
Several past studies have shown that smoltification is heavily influenced by photoperiod and that populations of Coho Salmon at sub-Alaskan latitudes in North America undergo the parr-smolt transformation (indicated by increased gill Na + -K + ATPase activity, sea-water tolerance, body silvering, and downstream migration) during the spring through early summer period (see reviews by Wedemeyer et al. 1980; Sandercock 1991; and Clarke and Hirano 1995) . Our data constitute the first measurements of juvenile Coho Salmon's preferred water velocities in a calibrated, laboratory flow table, during their parrsmolt transformation. Our hypothesis that these fish would select faster water velocities as the parr-smolt transformation proceeded during the spring, with a peak in mid-May, was generally supported, and these laboratory results are in accord with those from previous field studies. Because our fish were exposed to natural photoperiodic and lunar phases during their holding and experimental periods, these environmental factors are probably key (e.g., as opposed to water temperature changes, which were minor in our studies) to their selection of faster water velocities towards the conclusion of this springtime, parr-smolt transformation period.
Coho migrate downstream from mid-March to a peak in mid-May, and through early summer at subAlaskan latitudes (reviewed by Sandercock 1991).
Although we recorded fewer nighttime data points, both daytime and nighttime data indicated an increasing selection of swifter currents as the parr-smolt transformation progressed (to a peak in mid-May in the daytime data). McMahon and Hartman (1989) described juvenile Coho Salmon behavior in outdoor experimental stream channels; located on Vancouver Island, British Columbia, Canada; which allowed fish to remain in the channels or to emigrate in response to manipulations of cover features and water velocity. These authors observed the pre-emigrating juveniles using velocity refuges, including eddies, induced by simulated root wads and other baffles placed in the stream channels, where velocity was near 0 m s −1 . On the other hand, emigrating juveniles moved up in the water column (maximum velocity: 0.14 m s −1 ), especially near sunset and sunrise, and were swept downstream (McMahon and Hartman 1989) . Field observations from Canada indicate that during the migratory season, Coho Salmon apparently move towards the surface and across the breadth of their streams during nighttime hours and either swim or drift downstream with the current (McDonald 1960; Meehan and Siniff 1962) . Although our fish were unable to migrate from the flow table, their migratory tendencies in mid-May and June were indicated by their being swept, repeatedly, by the selected, faster currents, to the downstream screen. The length of juvenile Coho Salmon naturally tends to increase during their pre-emigration, springtime growth and development period in California stream habitats (Shapovalov and Taft 1954) . Our fish increased their mean total length by 36 mm over the ca. 12-week period of our experiments. Interestingly, length increases do not result in increased sustained swimming performance in either Atlantic Salmon (Thorpe and Morgan 1978) or Coho Salmon smolts (Flagg and Smith 1982) , compared with their respective parr life stages.
Moving to swifter currents should facilitate the downstream movements of migrating, juvenile Coho Salmon, as they develop through the parr-smolt transformation period. Katzman and Cech (2001) found that juvenile Coho Salmon decreased their aerobic swimming performance, measured as critical swimming velocity, when their springtime, parr-smolt transformation was stimulated by intraperitoneal implantation of thyroid-hormone pellets. The same fish showed axial muscle contractility changes ascribed to remodeling of white + red "mosaic" muscle to more of a pure white (fast, glycolytic)-type myotome, compared with sham pellet and control (no implanted pellets) groups (Katzman and Cech 2001) . Whereas a decreased population of axial red muscle (slow, oxidative) fibers could explain the decreased critical swimming velocity, the increased population of white fibers would presumably assist in the capture of elusive prey in estuaries, where streamtype drifting prey are unavailable. The faster, more forceful contractions of the juvenile cohos' axial muscles (Katzman and Cech 2001) should assist evasive, swimming bursts from larger, estuarine predators, also.
Our findings argue that coho smolts are either carried downstream with the river currents or that their active downstream migration is facilitated by these currents, especially towards the end of their smoltification season. Swanson et al. (2004) observed that juvenile Chinook Salmon displayed two swimming patterns when exposed to a "sweeping" current (31 cm s −1 ) past an annular fish screen, which was situated in an annular flume. Due to their typically shorter residence time in fresh water, Chinook Salmon juveniles migrate at a smaller mean size than do Coho Salmon migrants (reviewed by Healey 1991; Sandercock 1991) . The parr-size (4.4-6.4 cm SL) Chinook Salmon at an early-spring stream temperature (12°C) always swam into the current (positive rheotaxis), successfully holding position in the flume (Swanson et al. 2004) . In contrast, the smolt-size (6-8 cm SL) fish, at a late-spring temperature (19°C) swam or drifted with the current 69% of the time, averaging ca. 33 cm s −1 as downstream ground speed (ca. 2 cm s −1 faster than the current). Thorpe and Morgan (1978) and Flagg and Smith (1982) 
